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Cosmic Strings

Start at the beginning:

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Fluctuatlon

1st Stars
about 400 million yrs.

| Big Bang Expansion |
I 13.7 billion years :

The (currently) observable universe extends
LY elle . . .

J & out ~13.7 billion LY* in every direction.
w{ggng%ﬁzii\ ~ When the universe was much younger, the
e 4 | size was much smaller.
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Cosmic Strings
Why are they interesting/not crazy?

' ¥
THEORY
BULLSHIT2

Strings and other defects
form when a symmetry is
broken

At the top of the hill, the symmetry is unbroken. When
the field settles at a bottom of the potential, the
symmetry is broken.



The earliest times we can probe:
90 Directly ~350,000 yrs.
®  Indirectly ~ 200 sec .
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Concordance Model (ﬂh:ﬂ.?J h=0.6, fd_n_,f:ti.fi}
— = Defects
—  82% CM. + 18 % defects (AI=25, 3", _=11)
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Defects

inear defects from
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Cosmic Strings
Ex: Abelian Higgs model

1

L= E(DﬂCI))Z —% F“F,, -V




Cosmic Strings

sombrero




Electroweak Cosmic Strings

2
V=41 @2—"—2
2

® must be single-valued and smoothly varying

® = (o/ V2 ) exp [i0]
= (o/ N 2) exp [i27]

The field is still single-valued. .- -7 “*




Cosmic Strings

The phase 0 is undefined oy
when the field takes on the .

value ® =0.

Somewhere within our

closed loop the symmetryis .. ./ . o=

restored.

(@) ==ep(io)

Now shrink the path down to a point.

As we shrink the closed path down, there
must be a point somewhere within the path




Cosmic Strings

Electroweak strings also contain:

Structure: “wiggles”




Cosmic Strings
Strings come in 2 varieties:

Infmltely Long
N NI

The early universe should
have produced many of
these long thin defects. So
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Infinitely long strings are stable ©

...but...
...most models predict only a few such
strings exist in the visible universe.

—>Very hard to find!




Cosmic Strings

Loops of electroweak cosmic string may

decay away by gravitational radiation.

Strings may also be broken.

These defects may also exist in
interesting configurations...we
consider two interlinked loops
of string.

Tension in the string will collapse the string.

Because this process takes place in the (highly conducting)
plasma of the early universe, the magnetic field will be left
over: imprinted into the plasma of the early universe.



Cosmic Strings
The magnetic field imprinted into the universe will be

carried by the expansion.
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What Is Observed

On “small” scales the magnetic
field is approximately uniform.

.
.
e
2 5

On (very) large scales the
structure of the linked
magnetic fields becomes
visible.




Quasars: Small, Bright, and Far Away

¥ Size is comparable to solar system scales

¥ Energy output is comparable to energy output of
entire galaxies

‘& Because they are in active forming galaxies, they
exist(ed) when the universe was ~1billion years
old . UV




Quasar Structure

Quasars may be grouped into three types based on their spectral

features:

Continuous spectrum with dark lines

(©)
Bright line spectrum

Martin Elvis proposed a unified model of quasar structure that
accounts for seemingly contradictory spectral features observed
N these objects. Astrophys. J. 545, 63E (2000)

»BAL show broad absorption lines
»NAL show narrow absorption lines
»No absorbers

Continuous spectrum

The three types of quasars are actually three different views of
the same object



Quasar Structure

At the center of a quasar lies a black hole surrounded by an
accretion disk. The central regions emit a continuum of
radiation.

» A warm wind rises
perpendicular to the
accretion disk over a
narrow range of radii.

»The wind is accelerated
by radiation pressure to
form a funnel-shaped
outflow.




Quasar Structure

1

Elvis, Astrophys. J. 545, 63E (2000)



Thomson Scattering In Quasars

Light becomes polarized from Thomson scattering: where a photon
scatters of an electron.

Light emerges (unpolarized) from
the central regions of the quasar.

The light is scattered of the hot
gas of the funnel-shaped outflow
and becomes polarized.

Remember that with BAL quasars we are looking down the outflow.
We observe the direction of polarization be parallel
to the projection of the quasar axis on the sky.



Structure Formation In the Presence of a Background
Magnetic Field

Magnetohydrodynamic equations are:

V V-V)V Vo (VxB)xB
= Vo (vxP)

o = density
a = scale factor
v = peculiar velocity

v — = 4nG[p — pp(V)]
B = magnetic field a’

¢ = grav. potential V-B=0

G = Newton’s grav.

(a )_Vx(vxa B)

The Lorentz (magnetic) force induces overdensities dp(x,1
velocities v(x,t) in the smooth background fluid p,(t). The
backreact to induce an additional magnetic field 0B(x,t).




Structure Formation In the Presence of a Background

Magnetic Field
Density:
p(x,t) = pp(t)+ op(x,t) = py(t)[1+ 6(x,t) |

Magnetlc field:
B(x t) = b(X t) + 6B(x t)

\Y
T2 = 4nGlp — py(0)]

V-B=0

V X (v x a’B)
ot (aZE) -
o = density = grav. potential
a= scale factor P = pressure 0 _— V X (13’ X a2§b)
v = peculiar velocity B = magnetic field at (a 53) > a

G = Newton’s grav. constant



Structure Formation In the Presence of a Background

Magnetic Field

& \We are mostly concerned with the general behavior of the fluid.

@ \We follow the evolution of v to zeroth order in § and §B.

Linearized Faraday’s Law describes the = =
y | B,(z,0) = B, (De2t|

evolution of the background B-field.

o = density ¢ = grav. Potential E = magnetic field
G = Newton’s grav. constant | = current
H=2.3x1018¢s!

a = scale factor
—> . .
v = peculiar velocity p = pressure



Structure Formation In the Presence of a Background
Magnetic Field

v a v P
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ot a a 4map, \

To compare the relative strength of the gravitational term to

-~

o = density ¢ = grav. Potential E= magnetic field

a = scale factor G = Newton’s grav. constant j = current
v = peculiar velocity p = pressure H=2.3x10%s1



Structure Formation In the Presence of a Background
Magnetic Field

4
§7erbr
1077|Bplv,

[1]

p, = 3.8 X 1028 kg/m?
|B| =102 G

o = density ¢ = grav. Potential E= magnetic field
a = scale factor G = Newton’s grav. constant j = current
v = peculiar velocity p = pressure H=2.3x10%s1



An Alternative Method to Align Quasars
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Give me a place” to stand on, and | will move the Earth’.

"Big enough magnetic field
"a galaxy



An Alternative Method te Allgn Quasars
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The Observation

In 2005 Damien Hutsemékers, et. al. published linear polarization
data of a sample of 355 quasars.

They noticed:

F"The direction of polarization of any given quasar is similar to

the average direction of polarization of other neighboring
quasars.

F"The average angle of polarization
rotates with redshift.

Polarization angle (°)

The effect appears to
be cosmological!



The Sample

=All objects were observed at high galactic latitudes (| b|>30°)

=Certain objects that were given observational preference:

=BAL quasars

e duasar N
"Radio loud quasars WA
=Quasars in two regions of sky where g
an alignment effect was previously
observed

G



Matching the Model With Observation

Magnetic field left over from
two circular string loops of
radius R separated a distance d

We postulate the A1-A3 axis to lie roughly along the




Matching the Model With Observation
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e \ with the A1-A3 axis.

i\t‘ﬁ : )S\ The observed direction of polarization

‘* M will be the direction of B projected
S onto the celestial sphere.

Along the A1-A3 axis:

o @tan‘l (y +s + dexp|-|ly +s +d| —R|]‘ o

m (y + s)exp|—|ly +s| — R|]

R = loop radius d = separation of center of loops




Matching the Model With Observation

180 , (y+s+d)exp[—||y+s+d|—R|]
(y +s)exp[—||y e R[]

+ b

Chi-square = 84.2

Average angle of the 183 quasars along the A1-A3 axis in bins of Az = 0.5
Error bars show the 68% angular confidence interval.

R = loop radius d = separation of center of loops
s = shift along y-axis (A1-A3 axis) b = shift in angle



Matching the Model With Observation

N - Highest degree of alignment should occur in regions
near the magnetic field loops.

Dropoff in the degree of alignment:
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Number

Distance (h~! Gpc)

Hutsemékers, Cabanac, Lamy, and Sluse,
Astron. Astrophys. 441, 915H (2005)



- ConciUsmns | : Y SR LA
N Hutsemekers et aI made two observatlons that are dlffICU’|t to
accommodate |n 5|mple ad- hoe models R A

X Large-scale alignimient
X C"-ohe'jr.eht;retatieh' e
R 'The dlrectlon of opt|cal Imear polarlzatron -
is related to the phy5|cal orlentat|on of the
. ST : quasarltself |

~Knowing the direction Qf'._"po-lalfi'zati_oh alleWs us to.

~ know the physical orientation of the quasar itself. =




Conciusmns | :
_-__Magnetlc flelds can affect structure formatlon,- . * '

"'.,A:background magnetlc fleld | '
| '-WILI |mpart a preferred d|rect|on to
a collapsmg (protogalactlc) cIoud
| :.f..jl\/lay cause a torque on-a dl§k
| favorlng the dISk to allgn W|th the

' _{_'backgroundB field a0 e
These two effects work synerglstlcally together S R



= ConciUsmns I
. *The geome*try of two mterlmked e
. strmgs’ explains the observed +0 R
; .‘& NG
R rotatlon through 250° very weII BRI S
__-(1; 33 {r ,-fn:ﬁ‘,;,
+ * '-'-"‘-.‘%?§’:’§-1;%/%‘3‘3"
The |n|t|ally+small magnetlc freld RR o

Ioops are carrled by the expan5|on
~+. of the universe...today theyeX|st e e
~on cosmologlcal scales! =+ T
- | | ;BecauSe strings contaln
W|ggles we do not expect the s
Ioeps to be perfectly curquar .

*We st|II expect to see certaln
trends |n the data




Conclusmns ey |
&Our model explalns both the R
AR : MR SNSRI
Iarge scale allgnment-and S ( ?r WIS
rcoherent rotation of quasar N i
polarlzatlon vectors... R

@, ...without resorting to exotic physics
. or non-standard cosmology...

& and is very testable (falsifiable).

| -Thénk,you to my Collaborators .
Dejan Stojkovic and.De-Chang Dai
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